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Background: This study aimed to evaluate the accuracy of surgical outcomes in free iliac crest mandibular
reconstructions that were carried out with virtual surgical plans and rapid prototyping templates.
Methods: This study evaluated eight patients who underwent mandibular osteotomy and reconstruction with free
iliac crest grafts using virtual surgical planning and designed guiding templates. Operations were performed using
the prefabricated guiding templates. Postoperative three-dimensional computer models were overlaid and compared
with the preoperatively designed models in the same coordinate system.
Results: Compared to the virtual osteotomy, the mean error of distance of the actual mandibular osteotomy was 2.06 ±
0.86 mm. When compared to the virtual harvested grafts, the mean error volume of the actual harvested grafts was
1412.22 ± 439.24 mm3 (9.12% ± 2.84%). The mean error between the volume of the actual harvested grafts and the
shaped grafts was 2094.35 ± 929.12 mm3 (12.40% ± 5.50%).
Conclusions: The use of computer-aided rapid prototyping templates for virtual surgical planning appears to positively
influence the accuracy of mandibular reconstruction.
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Surgeons often have difficulty achieving functional and
aesthetic mandibular reconstructions after ablative tumor
surgery [1-4]. Traditionally, surgeons have used their past
experience to determine the best way to perform the oste-
otomy, graft harvesting, and graft shaping procedures
for mandibular reconstruction. However, computer-aided
(virtual) surgical planning and rapid prototyping (RP)
now offer more effective and predictable reconstruction
outcomes [5], and a series of successful studies have
emerged as surgeons and RP engineers have begun to
cooperate [6,7]. Nevertheless, researchers are still wary
about the accuracy of virtual surgical planning as well
as donor-site morbidity. Therefore, the aim of our study
was to evaluate the benefits of computer-assisted mandibu-
lar reconstruction with free iliac crest bone grafts regarding* Correspondence: ranweigd@163.com
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unless otherwise stated.accuracy and the amount of bone loss. We present cases of
mandibular reconstruction that employed virtual surgical
planning, and for which we determined the accuracy of the
actual reconstructions as compared to the virtual surgical
plans. We also assessed how much tissue was harvested for
the graft, with the goal being to take the least amount of
tissue required.Methods
Patients
This study was approved by the local ethics committee
at Sun Yat-sen University, China. It was carried out after
institutional approval of ethics committee of the First
Affiliated Hospital of Sun Yat-sen University and written
informed consent was obtained. The study included eight
patients with ameloblastoma involving one side of the
mandible. The study participants (5 males and 3 females;
19 to 54-years-old, mean = 30.6 years) underwent the oste-
otomy and sequential mandibular reconstruction using
free iliac grafts between September 2008 and June 2012 at. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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First Affiliated Hospital, Sun Yat-sen University, China.Figure 2 The virtual osteotomy of the affected mandible was
performed on the software.Surgical planning procedure
In each case, a computed tomography (CT) scan was
performed (Aquilion64 CT, Toshiba, Tochigi, Japan; slice
thickness = 0.5 mm) in the mandibular, maxillary, and
skull base regions, as well as on the pelvis where we
planned to harvest iliac crest. The scan data was imported
as standard DICOM (Digital Imaging and Communica-
tions in Medicine) files to Mimics software (Materialise,
Leuven, Belgium).
With thresholding and three-dimensional reconstruct-
ive processes, we imaged only the bone tissue to obtain
a clear view of the ameloblastoma-affected region of the
mandible (Figure 1). Using the software we performed a
virtual osteotomy of the affected mandible (Figure 2).
Then a middle sagittal plane was determined by the
sella, nasion, and subspinale points [3]. Upon this plane
the image of unaffected side of mandible was reflected
onto the resected side to restore the original mandibular
contours (Figure 3). After repeating the virtual osteotomy
on the reflected image (the mirror-duplicated image) of
the mandible, we determined the contours of the virtually
reconstructed mandible (Figure 4).
Using the same procedures an image of the pelvis was
isolated from the soft tissue and we three-dimensionally
reconstructed it. Then we overlapped the virtually recon-
structed mandible graft with the pelvis image to mark
where and how much iliac crest should be harvested
(Figure 5). Using these marks, we performed virtual
harvesting on the iliac crest (Figure 6).Figure 1 A clear view of the ameloblastoma-affected region of
the mandible.Rapid prototyping (RP) template design
We used the following procedures to design RP templates,
which we used to perform the operations as planned. The
virtual mandible was saved as a stereolithography (STL)
file. It was imported into Magics software (Materialise;
Leuven, Belgium) and was duplicated using the ‘copy part’
and ‘paste part’ commands. We selected one copy, marked
the surface of the bone, and then extruded the surface by
2 mm (parameter: offset 2 mm, connection automatic).
We then performed Boolean operations to subtract theFigure 3 The unaffected side of mandible was reflected
(mirror-duplicated) onto the resected side to restore the
original mandibular contours.
Figure 4 After repeating the virtual osteotomy on the
mirror-duplicated mandible, we obtained the contours of
virtually reconstructed mandible.
Figure 6 The virtual harvesting graft on the iliac crest.
Shu et al. World Journal of Surgical Oncology 2014, 12:190 Page 3 of 9
http://www.wjso.com/content/12/1/190unchanged part from the extruded one, thereby creating
a 2-mm thick shell that covered the whole mandible.
We clipped the shells by removing the unnecessary parts
to create custom-designed templates. The osteotomy
templates accurately covered the inferior border of the
mandible and indicated the osteotomy line (Figure 7).
Using the same methods, we designed the harvestingFigure 5 The virtually reconstructed mandible graft was
overlapped with an image of the pelvis to mark where and
how much iliac crest should be harvested.templates to cover the planned harvesting region of the
iliac crest and designed the shaping templates to exactly
cover the surface of the virtually reconstructed mandible
(Figures 8 and 9).
All designed templates were saved as STL files and
sent to a fully automated rapid stereolithography machine
(SLA3500, 3D Systems, Texas, United States) to fabricate
RP templates. The final acrylic templates were duplicated
from RP models.Figure 7 An osteotomy template accurately covered the inferior
border of the mandible as well as the anterior osteotomy margins
to indicated the osteotomy line.
Figure 8 A harvesting template was designed to cover the
planned harvesting region of the iliac crest.
Figure 10 An osteotomy template was mounted on the buccal
side and inferior border of the mandible and an osteotomy line
was drawn according to the template.
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Surgeries were performed by accessing the inferior border
of mandible. The osteotomy templates were mounted on
the buccal side of mandible as well as on the inferior
border. According to the templates, the surgeons used
a marker to draw the planned osteotomy lines on the
mandible surface, then resected the affected mandibles
(Figure 10).
Similar to the mandible, the harvesting template was
mounted on the surface of the iliac crest. The harvesting
margins were drawn according to the template’s outlineFigure 9 A shaping template was designed so that it exactly
covered the surface of the virtually reconstructed mandible
and was used to maintain the mandibular position during the
operation and guide the graft into the proper position.(Figure 11). After harvesting, the iliac graft was shaped
so that it matched the shaping template, and, using the
shaping template as a guide, the iliac graft was placed in
the proper position and rigidly fixed with the remaining
mandible (Figure 12).
Evaluation
A postoperative CT scan of each patient was obtained
within 14 postoperative days. The postoperative three-
dimensional computer models overlapped with the
correlating preoperative design models in the same
coordinate system (Figures 13, 14, 15, 16, 17, 18 and 19).
We compared the preoperative design models and the
postoperative models by measuring the distance of the
mandibular osteotomy, the volume of harvested graft,
and the volume of the graft after shaping. Because the
eight patients in this study had ameloblastoma on only
one side of the mandible, the unaffected side was used as
the reference. Since the unaffected side of the mandible
was reflected onto the affected side as in the virtualFigure 11 A harvesting template was mounted on the surface
of the iliac crest and an osteotomy line was drawn based on
the template.
Figure 12 Using a shaping template, the iliac graft was shaped
and placed into the proper position.
Figure 14 The postoperative iliac CT scan.
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‘virtual’ in Table 1.Results
All eight mandibular reconstructions were carried out
successfully. The mean error between the distance of
the actual mandibular osteotomy and the distance of
the virtual osteotomy was 2.06 ± 0.86 mm. The mean
error of the volume of the actual harvested grafts com-
pared to that of the virtual harvested grafts was
1412.22 ± 439.24 mm3 (9.12% ± 2.84%). The mean error
between the volume of the actual harvested grafts and
that of the shaped grafts was 2094.35 ± 929.12 mm3
(12.40% ± 5.50%) (Table 1).Discussion
This study indicates that computer-aided rapid prototyping
templates can help surgeons perform accurate operations.
The error between virtual surgical planning and the actualFigure 13 The preoperative iliac CT scan.results are acceptable and the surgeons who participated in
the surgical planning and template design felt more familiar
with, and confident in, the operation procedures.
Iliac grafting is a common method of mandibular re-
construction [8]. When surgeons plan to harvest such
grafts they must consider the reconstruction effects, the
graft survival rate, and the donor-site morbidity. The
reconstruction effect is directly determined by the graft,
which should allow for a symmetric facial contour and
should fit well with the upper jaw. The survival rate of
iliac grafts significantly correlates to the time they spend
in vitro before the pedicled grafts are anastomosed to
the recipients. The donor-site morbidity that occurs after
iliac grafts are harvested, such as postoperative functional
problems and pain at the donor site, mainly depend on
how much bone is harvested [9]. In our study, the contour
and position of the virtually reconstructed mandibles,Figure 15 Overlapping pre- and postoperative iliac CT scans.
The red part shows the volume of the harvested graft.
Figure 16 The virtual osteotomy line in the preoperative plan. Figure 18 Overlapping pre- and postoperative mandibles. Error
was measured between the virtual osteotomy line (green arrow) and
the actual osteotomy line (black arrow).
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nique, are capable of producing excellent postoperative
results in terms of occlusion and symmetrical facial
contouring. Furthermore, the harvesting templates allowed
for more accurate harvesting and less modification to the
grafts. Finally, we found that shaping templates are reliable
references that can be used to quickly shape grafts, allowing
surgeons to decrease the time that grafts spend in vitro, as
well as minimize unnecessary donor-site invasion.
The accuracy of our design was previously proven when
we successfully removed foreign bodies from the skull base
[10]. When we applied this method to designing mandible
templates we found similar results to another report [11]
which evaluated the accuracy of free fibula mandibularFigure 17 The postoperative CT scan of the
reconstructed mandible.reconstruction. We believe that the differences between
the studies due to how the templates were designed are of
little significance.
The mean difference between the actual and virtual
harvested grafts was 9.12% ± 2.84%, and it was concurrent
with Roser’s results [11] which indicate that regardless of
where grafts are harvested from, controlling the accuracy
of the graft harvesting procedure is always difficult. When
designing templates for graft harvesting our aim was
to use a minimal harvesting volume and take it from
the proper location. At the same time, surgeons were
reminded that the reconstructions would probably failFigure 19 Overlapping preoperative virtually reconstructed
(red) and postoperative mandibles (grey) to show the
differences between the preoperative design model and graft
after shaping. It shows the differences are well distributed
around mandible.









Virtual Actual Error (%) Virtual Harvested
(non-shaped)




1 F/42 MRC 109.42 107.36 −2.06 (1.88%) 27505 29525.35 25918.03 2020.40 (7.35%) 3607.32 (12.22%)
2 M/54 PM 30.75 32.49 1.74 (5.66%) 7070.37 7676.48 6590.79 606.11 (8.57%) 1085.69 (14.14%)
3 M/20 MR 57.6 59.04 1.44 (2.50%) 13018.3 14534.42 13235.51 1516.16 (11.65%) 1298.91 (8.94%)
4 F/26 MRC 101.38 102.48 1.1 (1.09%) 19253.2 20806.81 18334.37 1553.59 (8.07%) 2472.44 (11.88%)
5 M/26 M 32.18 34.8 2.62 (8.14%) 7602.38 8805.98 7588.97 1203.6 (15.83%) 1217.01 (13.82%)
6 F/36 PMR 46.65 45.31 −1.34 (2.87%) 16718.9 18267.97 16070.04 1549.11 (9.27%) 2197.93 (12.03%)
7 M/22 MRC 110.02 106.32 −3.7 (3.36%) 20917.7 22686.75 19561.82 1769.01 (8.46%) 3124.93 (13.77%)
8 M/19 PM 39.35 41.85 2.5 (6.35%) 11739.6 12819.41 11068.84 1079.83 (9.20%) 1750.57 (13.66%)
Average 30.6 ± 12.4 65.92 ± 35.08 66.21 ± 33.42 2.06 ± 0.86
(3.13% ± 1.31%)




M, molar; MR, molar/ramus; MRC, molar/ramus/condyle; PM, premolar/molar; PMR, premolar/molar/ramus; −, indicates that the actual distance or volume errors were negative (errors not marked by ‘-’ mean that the



















Shu et al. World Journal of Surgical Oncology 2014, 12:190 Page 8 of 9
http://www.wjso.com/content/12/1/190if they harvested less bone than the templates called
for. As such, surgeons generally harvested grafts that
were slightly bigger than the indicated regions. However,
we believe that the more surgeons trust the guiding
templates the higher the harvesting accuracy will be.
After shaping the grafts, we found that the grafts lost a
mean volume of 2094.35 ± 929.12 mm3 (12.40% ± 5.50%).
Therefore, the shaping templates allowed us to keep the
loss rate of graft volume below 15%. We consider this
percentage to represent an unnecessary injury that causes
more donor-site morbidity. Several factors contribute
to this loss rate: (1) The position where the harvesting
template was mounted likely varied a little because of
the surrounding soft tissue; (2) The harvesting margins
drawn according to the template’s outline might have
been enlarged because it was difficult to keep the marking
pen vertical to the template; and (3) The reconstructive
grafts were often cut low to reduce the suture tension.
Ayoub et al. [12] previously evaluated computer-assisted
mandibular reconstruction with vascularized iliac crest
bone grafts as compared to conventional surgery. In their
study, conventional surgery outcomes were clinically
acceptable but had a mean error of 20% between the
defect size (83.3 ± 18.7 mm) and the transplant size (which
significantly exceeded the defect size by 16.8 ± 5.6 mm)
[12]. In our study, we found a mean error of only 12.40%
between the volume of the defect size and that of the
transplant size, which proves that computer-assisted
mandibular reconstruction is capable of improving the
accuracy of surgical outcomes and reducing donor-site
morbidity.
We must mention that bone volume measurements
obtained by software vary widely according to the thresh-
olding parameters and the three-dimensional calculating
quality one chooses. Thus, comparing software-measured
graft volumes between different studies is meaningless.
In our study, the software parameter was fixed for each
case, however, considering that it is impossible for every
researcher to use the same software parameters, we rec-
ommend using percentages to standardize comparisons.
Despite obtaining satisfactory outcomes we still found
errors in distances and volumes when the treatment
results were evaluated [13]. Various factors likely con-
tributed to these errors. First, operative errors can be
decreased but they can never be eliminated completely.
Second, a slight distortion exists in the CT scan model
[14,15]. Third, computer-assisted planning processes and
validation processes have slight errors as well [16]. Finally,
the templates might be distorted when they are fabricated.
Our study was limited by the fact that templates cannot
be modified once they are fabricated. When the affected
region is unclear in preoperative CT images, such as
because of osteosarcoma and radioactive osteomyelitis,
positive margins might be found intraoperatively. Surgeonsthen must make second, wider resections, and the sequen-
tial templates are then useless. Therefore, we suggest that
surgeons beware of this variation and handle it with care
when planning surgical procedures.
Conclusions
The use of computer-aided rapid prototyping templates
for virtual surgical planning appear to positively influence
the accuracy of mandibular reconstruction.
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